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Abstract
Use of wireless, ad-hoc networks for proximity warning and collision
avoidance in surface mines
Venkata Raghava Siva Naga Shashank Sabniveesu
Despite the record of progress achieved in the United States with respect to reducing
fatal and non-fatal injuries in surface mines, both the number and severity of these injuries
remain unacceptable. A large fraction of these injuries in surface mines are caused by colli-
sions involving large haulage equipment such as trucks, dozers, and front-end loaders. There
are two main contributing factors for these collisions: (i) the massive size of these vehicles,
which causes several blind spots surrounding the vehicle for the driver, and (ii) the sheer
momentum of these vehicles, which makes it hard to maneuver these vehicles and often ne-
cessitates a long response time to avoid collisions. The objective of this work is to investigate
the use of different kinds of wireless networks in a distributed ad-hoc mode for providing
timely warning about nearby personnel and vehicles, and to evaluate their performance using
tests in an actual surface mine.
The contributions of this work are as follows: (i) A zone-based proximity warning system
was developed and tested using low power IEEE 802.15.4 radios for detecting obstacles and
vehicles at small distances (<10m), with the information of the exact zone they are in,
around the vehicle. (ii) For timely warning about approaching vehicles at relatively larger
distances (10-100m), a GPS system was integrated with Wi-Fi (IEEE 802.11a/b/p) radios
in an ad-hoc mode, where information about approaching vehicles can be known as soon
as they come into range. A communication range test was performed in an actual surface
mine setting to characterize the distances at which the warnings can be reliably received
using each of the IEEE 802.11 family of radios. Both the proximity warning system and the
Wi-Fi-based collision avoidance system were evaluated for feasibility at an operating surface
coal mine in the southern United States.
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1Chapter 1
Introduction
In this chapter, the problem of safety in surface mines and the applicability of wireless
sensor networks to it is explained. The motivation to perform an analysis of the quality of
different wireless standards in the surface mines is presented. A brief overview of the systems
developed and tests conducted is discussed.
1.1 Overview
Despite the record of progress achieved in the United States with respect to reducing
fatal and non-fatal injuries in surface mines, both the number and severity of these injuries
remain unacceptable. A large fraction of these injuries in surface mines are caused by col-
lisions involving large haulage equipment such as trucks, dozers, and front-end loaders[1].
There are two main contributing factors for these collisions: (i) the massive size of these
vehicles, which causes several blind spots surrounding the vehicle for the driver, and (ii)
the sheer momentum of these vehicles, which makes it hard to maneuver these vehicles and
often necessitates a long response time to avoid collisions[2]. The objective of this work is
to investigate the use of different kinds of wireless networks in a distributed ad-hoc mode
for providing timely warning about nearby personnel and vehicles, and to evaluate their
performance using tests in an actual surface mine.
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1.2 Summary of Contributions
This work examines the feasibility of utilizing a proximity detection system to enhance
safety in a vehicular environment while aiming to be low-cost, easily-deployable, quickly-
reconfigurable and simple-to-use. To detect the vehicles moving at larger distances in vicinity,
the exchange of information from Global Positioning System(GPS)-based systems in vehicles
operating in surface mines [6] can make use of wireless communication technologies. With
the growing interest towards new communication protocols targeted at vehicular networks,
a reliable test of the reliability of different 802.11 wireless standards serves the purpose of
informing the adopters of such communication infrastructure for the purposes of safety.
Design of IEEE 802.15.4 radios-based proximity zoning for near-field objects:
The goal of this system is to provide a warning to a vehicle operator when another equipment
or personnel comes close and also to accurately determine the location as one of several zones
around the vehicle. For areas that are closer to the equipment, GPS data is not precise
enough to provide a location indicator. Hence an RF based system was considered. The Telos
platform[7] which consists of a 2.4GHz IEEE 802.15.4 radio was used for the development of
a proximity detection system. The well-known operating system for embedded platforms -
TinyOS was used to program the motes. The system would constantly monitor the wireless
transmissions being broadcasted around and when a marker mote approaches, based on the
signal strengths sensed by all the four motes surrounding the vehicle, it is estimated to be in
one of the eight zones, in real-time. The system was tested with the detection reported for
each second when the packet rate was 5 per second. The detection rate and the transmission
frequencies are easily modifiable in the program before deployment. This system was tested
when a subject was moving at distances (1) 3m, (2) 6m, (3) 9m and (4) 12m which are
considered good enough to be considered a safe distance from the huge mining vehicles.
Characterization of 802.11 a/b/p radios in ad-hoc mode for communication:
For timely warning about approaching vehicles at relatively larger distances (10-100m), a
GPS system can be integrated with Wi-Fi based communication. The use of an ad-hoc mode
for Wi-Fi networks avoids the need for a cellular or long-range multi-hop network where
GPS data would first be transmitted to a central processing unit and the vehicle locations
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would be then broadcast from that central system. Instead, in the proposed approach,
information about approaching vehicles is known as soon as they come into communication
range of each other. The comparative study of well-established and rising wireless standards -
IEEE 802.11a, IEEE 802.11b and IEEE 802.11p(Wireless Access in Vehicular Environments)
presents the trends in deterioration of packet rates for distances upto 300m. This study has
been carried out in 4 different regions of surface mines the cases being - (1) direct line
of sight, (2) hidden line of sight, (3) receiver at the top of incline and (4) receiver at the
bottom of incline. The approximate distances at which the transmissions start becoming
unreliable with the packet reception rates dropping below 75% have been reported for each
standard in each scenario. A case-by-case comparison of trends for all wireless standards in
each scenario is visually depicted to be able to draw conclusions. This work systematically
investigates the packet reception characteristics and the received radio signal strength at
different source-destination distances for IEEE 802.11 a, b, and p radios, inside an actual
surface mine.
Additionally, in order to facilitate collection of long term data about locations of different
vehicles, a cloud-based data logging system was tested. This system could potentially be
used to collect data from any sensor installed on the truck, which in our case is a GPS system
that tracks the location of trucks.
1.3 Organization of rest of the thesis
The remaining part of this document is arranged as follows: Background information
and existing literature is covered in the 2nd chapter. The design, procedure and outcomes
of the Proximity Detection System and the study of different wireless standards is presented
in the 3rd chapter. In 4th chapter, the results and succeeding analysis are provided. In 5th
chapter, suggestions are made for extensions of this work in the future.
4Chapter 2
Background work and existing
literature
This chapter examines the existing research work in the area of sensor networks, proximity
detection with the goal of safety in surface mines. An overview of the wireless standards
considered in this work is mentioned and the procedures considered for quality estimation
of various wireless standards are then discussed. At the end, the important aspects that
differentiate this work from others are provided.
2.1 Applications of sensor networks
The use of wireless sensor networks for environmental monitoring is well established.
Automated local Evaluation in Real-Time[8][9], a system developed by National Weather
Service in 1970s is one such system that is in use in real-world to detect natural hazards
such as earthquakes, cyclones, tsunamis etc. in California and Arizona.
Ning Xu’s[10] work addresses the habitat-monitoring aspect of sensor networks. The cited
application - Great Duck Island(GDI) system[11] observes the nesting patterns and changes
in environmental parameters during breeding season for Leach’s Storm Petrel birds. The
system additionally monitors the temperature, humidity and other environmental factors
from the deployed environment and transmits it to a central base station for further analysis
by researchers.
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The above applications cover a wide range of area with hundreds of sensor nodes deployed
that function autonomously and communicate with base stations to forward collected raw
sensor data to processing centers for further analyses.
The Center for Information Technology Research in the Interest of Society (CITRIS)
of Berkeley demonstrated the application of the Smartdust motes to monitor and thereby
reduce the consumption of electrical energy in the buildings of University of California,
Berkeley[12]. The system completely utilized the TinyOS[13] operating system to power
the motes. The same TinyOS programming environment has been used extensively in the
current work on proximity detection system.
2.1.1 Safety-related applications
The area of Structural Health Monitoring in safety tasks sees a lot of wireless sensor
network applications such as measuring vibrations to establish the safety of civil structures
like bridges, buildings etc.[14].
Researchers in china developed a wireless sensor network for monitoring methane gas dif-
fusion in underground mines. The proposed Heterogeneous Hierarchical Mine Safety Moni-
toring prototype system(HHMSM) [15] has the motes equipped with gas sensors that sample
the methane concentration periodically and transmit to the monitoring server. Surface mines
do not see a problem of gas leakages as much as their underground equivalents do but with
huge equipment moving around the workers, a different problem of collisions exists.
Intelligent Transportation Systems(ITS) is the name given to a collection of systems
which utilise information and communication technologies to support transport by aiding
related infrastructure, mobility and traffic management and more. The idea of utilizing
wireless sensor networks for preventing vehicle collisions is demonstrated in one such work[16]
where the investigator proposes an ad hoc solution to avoid unsafe overtaking in two-way
single carriageway routes, concentrating on rural areas. Each vehicle is equipped with a
magnetic sensor and an accelerometer sensor including a GPS receiver in order to help the
driver by alerting about unsafe overtaking, especially in difficult visibility conditions such as
foggy weather etc.
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2.1.2 Proximity detection
Magnetic sensors placed externally on roadside have been used to calculate the ve-
locity and location of a vehicle passing close to them in order to predict collisions near
intersections[17]. The disturbance in earth’s magnetic field due to the presence of a vehicle
is sensed and the resulting voltages are processed and then wirelessly transmitted to a base
station for further processing.
Given the importance of the collision problem in surface mines, there has been extensive
research in the past decade on proximity warning technologies for vehicles[18][19][20][21] [22].
A summary of these ideas is provided below:
Ultrasonic sensors: Ultrasound devices typically operate at 40 KHz 250 KHz and emit
a short burst of ultrasonic waves, which are reflected back when they hit a hard surface[23].
The echo time is then used to estimate distances of obstacles. However, ultrasound systems
require direct line of sight and any object in their path will cause a proximity alarm. This
is likely to cause false alarms. Moreover, the range of these devices is typically very short
(<10m). As a result, these sensors are typically used for parking assistance in regular
vehicles, but they are mostly unsuited for proximity warning in large surface mine vehicles.
Pulsed radar and LIDAR based systems: Radars[24] and Lidars[25] are two other
promising technologies that have been used for proximity warning. They operate similarly,
in concept, as ultrasound echoing, but have a larger range and are much more accurate in
distance measurements. However, they also suffer from false alarm issues as they can get
triggered by the detection of any obstacle in their path. For example, on large trucks, they
can get blinded by obstacles such as the large tires or large dumps of dirt and rocks. There
are also chances of missed detections for example, when personnel walk directly under their
field of view, they remain undetected[24][26]. Moreover, these systems are often expensive,
and installing them on surface mine trucks that operate in rugged environments is quite
challenging.
Camera based systems: Advances in computer vision with respect to object recogni-
tion have led to the use of cameras for detecting collisions in vehicles[22][18][27]. However,
camera-based systems depend upon adequate lighting and do not perform well in the pres-
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ence of fog, dust, and dirt on the lenses. Moreover, when multiple cameras are used, reliable
pattern recognition algorithms are needed to point accurately to an obstacle and present the
correct view on a terminal; it is not feasible for a driver to shift through multiple screens all
the time. Designing such reliable systems are challenging. Therefore, cameras are typically
used as complementary systems to other proximity detection technologies; for example, if
an obstacle is detected by a radar in a given direction, the camera view from that side is
projected on the terminal.
RFID and electronic tag-based systems: The key idea in these systems is that
devices that are embedded on vehicles and personnel periodically emit electromagnetic waves.
These devices can also sense signals transmitted by other devices, and when devices are close
enough, the signal strength is enough to cause a proximity alarm. These systems are easy
to deploy, do not depend on line of sight and typically have a range of 12-18m (40-60 feet).
But existing systems are typically designed only to detect the presence of other vehicles or
personnel in the nearby vicinity and not to pinpoint a location or direction[28]. One of the
systems that we designed here is also an RF-based proximity warning system that uses IEEE
802.15.4 radio operating the 2.4GHz frequency. However, we show how multiple RF devices
embedded on the truck, along with the received radio signal strength indicator on the radios,
can be used to accurately identify the zone surrounding the vehicle in which an obstacle is
detected.
GPS based systems: GPS devices can provide location estimates with an accuracy
of 3-4m (about 10 feet). Therefore, GPS devices along with some form of wireless com-
munication are increasingly being used for detecting approaching vehicles and for collision
avoidance[29][30][31][32][33]. In this work, we have used a GPS-based system for collision
detection from larger distances (>10m). At very close distances, the GPS systems are not
accurate enough to correctly estimate the direction in which a nearby obstacle has been
detected, although they can estimate that there is an object nearby. Therefore, for closer
distances, we have used an RF-based system. Secondly, as noted earlier, some form of wire-
less communication is needed so that GPS locations of nearby vehicles and objects can be
communicated to other approaching vehicles. For this work, we evaluated three Wi-Fi based
standards in an actual surface mine setting to understand their effectiveness in communi-
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cating the locations from a sufficient distance such that there is enough time for drivers to
react.
2.2 Quality estimation of wireless standards
With the goal to implement a GPS-based proximity warning system, tests were conducted
to understand the performance of different wireless standards usable. The idea is that trucks
should exchange GPS coordinates when they approach one another, using some form of
wireless communication to provide updates about the location of one to other vehicles. These
updates can be provided in two ways: (i) a centralized cellular or long-range communication
infrastructure can be used to communicate data from each vehicle to a processing center
and then re-broadcast data from there to all the vehicles. (ii) a decentralized peer-to-peer
manner may be adopted so that only vehicles that are nearby would communicate. The
former approach is more cumbersome and expensive: it involves excessive setup costs in
surface mines as well as high cost for data usage. in this work, we used the latter mechanism
by utilizing IEEE 802.11 (Wi-Fi) radios in an ad-hoc mode. In this mode, two Wi-Fi radios
can communicate with each other as soon as they come within communication range of each
other.
2.2.1 An overview of wireless standards[3][4][5]
The Institute of Electrical and Electronic Engineers (IEEE) makes and maintains stan-
dards affecting a wide range of industries. The Wi-Fi Alliance defines Wi-Fi as a wireless
local area network (WLAN) product based on the IEEE 802.11 standards. IEEE 802.11 is a
set of media access control (MAC) and physical layer (PHY) specifications for implementing
wireless computer communication in the 2.4, 5, and 60 GHz frequency bands. The IEEE
802.11 family consists of a series of standards that use different modulation techniques and
frequency bands, but use the same underlying communication protocol. After the publica-
tion of a standard, a Task Group(TG) is created for the creation of each relevant proposed
amendment. These amendments are denoted by a non-capitalized letter and are supposed to
be made part of the original standard in its next revision. The IEEE 802.11 is the working
Shashank Sabniveesu Chapter 2. Background work and existing literature 9
group(WG) dedicated to Wireless LAN and Mesh networks. This working group revises
wireless standards from time-to-time while combining the amendments made to previous
standard. To put it in concrete terms, we today have five IEEE 802.11 standards, suffixed
with the years they were published
1. 802.11-1997 (also known as 802.11 legacy the original)
2. 802.11-2003 (combines amendments a, b and d)
3. 802.11-2007 (combines amendments e, g, h, i and j)
4. 802.11-2012 (combines amendments k, n, p, r, s, u, v, w, y and z)
5. 802.11-2016 (anticipated; combines amendments aa, ae, af, ac and ad)
In this work, we concentrate on the IEEE 802.11 a, b, and p series for evaluation.
802.11a: Originally IEEE 802.11a-1999, this amendment defines these requirements:
5 GHz band operation, Orthogonal Frequency Division Multiplexing(OFDM) based air in-
terface for signal modulation, 1.5 54 Mbit/s data rate. The 802.11a specification is an
amendment to the IEEE 802.11 family that uses the same frame format and link layer
protocol as the original 802.11 specification.
Benefits:
1. In practice, fewer devices operate in 802.11a and hence those that do have a significant
advantage that their channels of communication are less crowded.
Drawbacks:
1. The effective range is less when compared to 802.11b and 802.11g since small wave-
lengths get absorbed by solid objects in their path and cannot penetrate through walls.
2. Path loss in signal strength is proportional to the square of signal frequency which
implies that 802.11a transmissions suffer great loss.
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802.11b: Originally IEEE 802.11b-1999, this is the widely accepted amendment in the
consumer market due to its high throughput. The maximum data rate is 11 Mbit/s and it
operates in the 2.4 GHz band. The ’Adaptive Rate Selection’ allows 802.11b devices to switch
between different modulation techniques, depending on the re-broadcasts resulting form
errors. Commonly referred to as Direct-Sequence Spread Spectrum(DSSS), the modulation
technique covers 3 variants[34][35]:
1. Complementary Code Keying (CCK) offers 5.5 Mbps/11 Mbps
2. Differential Quadrature Phase Shift Keying (DQPSK) works for larger distances than
the above, offers 2 Mbps
3. Differential Binary Phase Shift Keying (DBPSK) works for larger distances than the
above, offers 1 Mbps
Benefits:
1. Better throughput along with substantial reduction in prices of supporting equipment
led to wide adoption and hence is a popular standard in the consumer market.
Drawbacks:
1. The 2.4 GHz band is generally very crowded owing to its widespread usage
2. Additionally, many consumer devices such as microwave ovens, cordless telephones,
etc. can interfere with signals in this band.
However, in mining environments, we do not expect this interference.
802.11p: Originally IEEE 802.11p-2010, this standard is specifically targeted for use
in vehicular communication systems under the name ’Wireless Access in Vehicular Environ-
ments’(WAVE). The maximum data rate is 11 Mbit/s and it operates in the range 5.850-5.925
GHz. The modulation scheme used is OFDM - Orthogonal Frequency Division Multiplexing
and the data rate can range from 6 to 27 Mbps[36]. The medium access control (MAC) layer
functionality is slightly modified to include provision for rapid communication of DSRC de-
vices with no need for authentication or authorization processes as in the original 802.11
standard.
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Benefits:
1. Being specifically reserved for vehicular communications, the 802.11p band stays less
crowded and readily available for vehicles to form networks quickly in an ad-hoc man-
ner.
Drawbacks:
1. Its very short range (≈ 300m) makes it suitable only for vehicles to communicate for
a short-time on the road
2.3 New aspects of this work
This section describes contributions of this work compared to the existing research work.
The works mentioned above use specialized sensors such as magnetometers[16] or radars[24]
for detecting proximity and then, being wireless sensor networks, utilize wireless transmis-
sions to communicate the data to a base station. The system developed here involves no
special sensors than the wireless transmissions themselves. Every receiver of a wireless trans-
mission can determine the received signal strength (RSSI) and the value of this RSSI can
be expected to be higher when the sender and receiver are close to each other than when
they are not. In the system developed, the sensors in effect are simply the wireless receivers.
These receivers calculate the sensed signal strength at any given point of time and report it
to the base station. As the signal strength reported by motes closer to the sender would be
higher than those aren’t, that serves as a hint for the zone in which the sender is present.
An often overlooked aspect when designing a GPS-based warning system is the quality of
wireless communication and the effective distance range at which the data containing these
GPS locations of nearby vehicles can be exchanged inside a surface mine. The topology of
a surface mine is different than that of regular roads and contains deep pits, high obstacles,
and sloped muddy roads, which cause a hidden line of sight for the wireless radios being
used leading to poor reception. At the same time, some other conditions are more relaxed
when compared with regular roads: (i) the number of vehicles per unit area is much lower
thereby reducing channel contention, and (ii) the chances of interference from other devices
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such as Wi-Fi routers and Bluetooth devices are also lower. In this work, the packet re-
ception characteristics and the received radio signal strength at different source-destination
distances for IEEE 802.11 a, b, and p radios were investigated inside an actual surface mine.
It was observed that by characterizing effective communication range for 802.11 radios in
such surroundings, one can determine the effectiveness of such collision warning systems for
operation in surface mines and identify the appropriate 802.11 radio type to use. IEEE
802.11p is supposed to support low-latency communication among vehicles. However, in the
use case considered here(or other private areas), which is surface mines, there’s not much




Proximity detection in surface mines
In this chapter, an overview of the proximity detection system is provided. Describing
the problem addressed by this system, experimental setup, conduction of initial experiment
and final deployment of the system and the results obtained are the goals of this chapter.
3.1 Problem
This section explains the motivation for the development of a proximity detection sys-
tem. In surface mine areas, the operator of a huge truck cannot easily sense entities (hu-
man/vehicle) moving or stationary around the trucks’ location. This problem is aggravated
by the cases in which these entities occur in the blind spots of the truck or entirely at the
back of it. The idea pursued here is that if every such movable entity that could occur in
the area can be equipped with suitable sensors which serve as markers for both the truck
and the mobile entity, their presence can be detected by an operator in the truck provided
with a suitable interface. The system developed here is such that the location of the entity
can be determined precisely as being one of the 8 zones around the truck.
3.2 Setup
This section describes the system setup used to design this proximity detection system.
Both the heavy-truck and the approaching entity (human/vehicle) were marked adequately
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Figure 3.1: TelosB mote
to aid detection.
The primary components of this system are TelosB motes with CC2420 radios embedded.
With their miniature size, wireless transmission capability and easy programmability, TelosB
motes make good candidates for being used as sensors.
Four TelosB motes were attached around a huge Caterpillar truck, thereby dividing the
space around it into 8 zones - 4 being directly opposite to each mote and 4 other being in the
corners occurring between every two motes. We refer to these 4 motes as detectors as they
exist to detect the presence of transmission from other approaching markers (read motes).
Any entity that needs to be detected carries a sender TelosB mote. The transmis-
sions from this sender mote are sensed by the four detector motes which then calculate the
parameter - Received Signal Strength Indicator(RSSI). The detectors introduce this RSSI
information in to the packets and rebroadcast it expecting the base station to pick them up.
By design, the base station ignores the original packets from the sender mote and hence only
considers the transmissions from the detector motes.
One TelosB mote was put inside the vehicle to act as base station, receiving and further
processing the transmissions from the 4 detector motes. The base station was connected
to a laptop powered by Ubuntu 12.04 Desktop Edition with TinyOS runtime environment
installed. A program listens to the USB interface to receive the data being streamed by the
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Figure 3.2: Schematic division of zones around a truck
base station. At the end of every second, the program averages the RSSI values calculated
for packets from each mote and determines the zone to which the detected entity is close
to. The resulting information is displayed on the screen on a user-friendly interface with the
truck and the entity represented by appropriate markers on a graphical map of the mine.
All motes were programmed using TinyOS operating system for wireless sensor networks.
3.3 Initial testing and final deployment
Every transmission in this network is a broadcast and every packet transmitted contains
the ID of its sender. It is the duty of the receiver to selectively process a heard packet. A
person carrying the sender mote was made to stand in each zone for 30 seconds. The mote
transmits a packet with its ID and an empty field that should be filled with RSSI later by
detector motes. The detector motes calculate the RSSI on receipt, include it in the packet
and forward it to the base station.
The program running on the computer with base station records all the packets received
for a second. At the end of every second, the RSSI values from each detector are averaged
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Figure 3.3: Structure of the packet used in the proximity detection sytem
out to arrive at a single mean RSSI value per detector. The highest and second highest
means of RSSI values and the IDs of the motes that gave them out are recorded.
In the final deployment of the system, the program was modified to calculate the differ-
ence of highest and second highest mean RSSI values at the end of every second. Based on
the region of experimentally determined values the difference falls in, the sender is said to
be either close to mote X or between mote X and mote Y.
3.4 Results
When the sender is in the zones 1,3,5 and 7, which means closer to a single mote than
the rest, the difference between highest RSSI and the second highest RSSI is huge.
On the other hand, if it is in the zones 2,4,6 and 8, which means not any close to any
mote but between two of them, signal from none is stronger than the other and hence the
difference between highest RSSI and the second highest RSSI is not huge.
During the test in mines, the sender was broadcasting packets at the rate of 5 per second
and the detectors would immediately forward it to the base station with almost no delay.
This test was conducted to cover all the 8 zones at 4 different distances from the setup - 3m,
6m, 9m, and 12m. The difference in the highest and second highest RSSI values (in dBm)
is plotted over the distances in the following graph:
We observe that the thresholds can be set to 15 dBm for ’closeness’ and 7 dBm, to
declare ’betweenness’. A difference in the highest and second highest RSSI above or equal
to 15 dBm can be taken to be the case where the sender is close to mote X and when it is
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Figure 3.4: Possibility of determining zone information for various distances between sender
and truck
below or equal to 7 dBm, the sender can be said to be in the region occurring between the
motes X and Y. Beyond 10m, this system doesn’t precisely determine the zone.
In the Figure 3.4, correct zoning refers to the situation where the the sender was known
to be in zone X and the system reported the position to be zone X too.
Neighbour zoning refers to the situation where the sender was known to be in zone X but
the system reported the position to be in the zone next to it or the one before.
From the plots it can be seen that this proximity detection system gives correct zone
information above 80% of the time and only a preceding or succeeding zone, otherwise. This
may be improved further by adjusting the transmission power levels of the motes involved.
The results and the accuracy values reported here can vary with the frequency of trans-
missions, wireless transmission power levels of the TelosB motes and vehicles of different
dimensions than the one used in this experiment.
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Figure 3.5: Accuracy of the proximity detection system tested at distances - 3m, 6m and 9m
19
Chapter 4
The wireless standards evaluation in
surface mines
This chapter discusses the task of evaluating wireless transmission standards in surface
mines. We start off by bringing up the problem statement considered, the setup and approach
taken for this task of evaluation and conclude with the results obtained.
4.1 Problem
GPS-based proximity warning systems are increasingly being recommended for colli-
sion avoidance and vehicular safety, in the context of regular personal vehicles as well as
heavy mining trucks. GPS devices can provide location estimates with an accuracy of 3-4m
(about 10 feet). Therefore, GPS devices along with some form of wireless communication
are increasingly being used for detecting approaching vehicles and for collision avoidance[29]
[30][32][31][33]. In this work, we used a GPS-based system for collision detection from larger
distances (¿10m). At very close distances, the GPS systems are not accurate enough to
correctly estimate the direction in which a nearby obstacle has been detected, although they
can estimate that there is an object nearby. Therefore, for closer distances, we have used
an RF-based system. Secondly, as noted earlier, some form of wireless communication is
needed so that GPS locations of nearby vehicles and objects can be communicated to other
approaching vehicles. We evaluated three Wi-Fi based standards in an actual surface mine
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Figure 4.1: (On left) mud pile causing hidden line of sight. (On right) sloped terrain.
setting to understand their effectiveness in communicating the locations from a sufficient
distance such that there is enough time for drivers to react. The basic idea in these systems
is to use a GPS receiver along with some form of wireless communication module on each
vehicle to provide updates about its location to other vehicles. These updates can be pro-
vided in two ways: (i) a centralized cellular or long-range communication infrastructure can
be used to communicate data from each vehicle to a processing center and then re-broadcast
data from there to all the vehicles. (ii) GPS data can be communicated in a decentralized
peer-to-peer manner only to vehicles that are nearby. The former approach is more cumber-
some and expensive: it involves excessive setup costs inside surface mines as well as high cost
for data usage. Therefore, we used the latter mechanism by utilizing IEEE 802.11 (Wi-Fi)
radios in an ad-hoc mode. In this mode, two Wi-Fi radios can communicate with each other
as soon as they come within communication range of each other.
The Wi-Fi Alliance defines Wi-Fi as a wireless local area network (WLAN) product based
on the IEEE 802.11 standards. IEEE 802.11 is a set of media access control (MAC) and
physical layer (PHY) specifications for implementing wireless computer communication in
the 2.4, 5, and 60 GHz frequency bands. The IEEE 802.11 family consists of a series of
standards that use different modulation techniques and frequency bands, but use the same
underlying communication protocol. Here, we specifically considered the IEEE 802.11 a, b,
and p series for evaluation.
The 802.11a specification is an amendment to the IEEE 802.11 family that uses the same
frame format and link layer protocol as the original 802.11 specification, but operates in the
5.8 GHz band and uses the orthogonal frequency division multiplexing (OFDM) technique
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for signal modulation. The advantage of 802.11a is the use of the 5 GHz frequency instead of
the crowded 2.4 GHz ISM band, where interference from other devices often can be found.
IEEE 802.11b is an amendment of IEEE 802.11 that uses the direct-sequence spread spec-
trum (DSSS) with data rates of 5.5 and 11 Mbps in the 2.4 GHz range. One disadvantage
is the use of the 2.4 GHz frequency where many other devices operate, such as Bluetooth
devices and Wi-Fi routers that may cause wireless channel interference. However, in mining
environments, we do not expect this interference.
The 802.11p supports wireless access in vehicular environments (WAVE) and contains
enhancements required to support Intelligent Transportation Systems applications[37]. The
standard uses the 5.9 GHz ISM band and enables car-to-car or vehicle-to-vehicle communi-
cation. Similar to IEEE 802.11a, 802.11p radio is based on matured orthogonal frequency-
division multiplexing (OFDM) technology. The medium access control (MAC) layer func-
tionality is slightly modified to include provision for rapid communication of DSRC devices
with no need for authentication or authorization processes as in the original 802.11 standard.
An often overlooked aspect when designing a GPS-based warning system is the quality
of wireless communication and the effective distance range at which GPS locations of nearby
vehicles can be received inside a surface mine. The topology of a surface mine is different
than that of regular roads and contains deep pits, high obstacles, and sloped muddy roads,
which cause a hidden line of sight for the wireless radios being used leading to poor reception.
At the same time, some other conditions are more relaxed when compared with regular roads:
(i) the number of vehicles per unit area is much lower thereby reducing channel contention,
and (ii) the chances of interference from other devices such as Wi-Fi routers and Bluetooth
devices are also lower. In our work, we systematically investigated the packet reception
characteristics and the received radio signal strength at different source-destination distances
for IEEE 802.11 a, b, and p radios, inside an actual surface mine. By characterizing effective
communication range for 802.11 radios in these surroundings, we are able to determine the
effectiveness of such collision warning systems for operation in surface mines and identify
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Figure 4.2: Components used for wireless standards evaluation in surface mines
the appropriate 802.11 radio type to use. We first describe our system setup, the procedure
followed for the tests and then present the results of our evaluation.
4.2 Setup
Two Alix (Type-1E) boards with CM9-GP network cards and 9dBi dual band 2.4 GHz
/ 5 GHz antennas were used for testing the quality of wireless transmissions. For all the
wireless standards evaluated, the bitrate was fixed at 6Mbps and the transmit power was
chosen to be 23 dBm. Ubuntu 12.04 Server Edition was used as the operating system to run
requisite programs on these single board computers.
The boards were programmed to establish an ad-hoc network between them, whenever
they come close to each other in different wireless standards during different parts of the
experiment.
One board designated as the ’sender’ runs a custom developed program that broadcasts
its current GPS coordinates at the rate of 5 per second. A Globalsat BU-353 GPS receiver
was used to obtain GPS coordinates. Another board, designated as ’receiver’, used a packet-
capturing program ’Wireshark’ that logged every packet received. The log contained the
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details - timestamp, signal strength and data contained in each packet.
4.3 Procedure
The ’receiver’ board was stay put at a fixed location which runs a packet reception
program Wireshark to log each packet transmitted with necessary fields - ’received time’,
’Received Signal Strength Indicator(RSSI)’ and ’packet id’ along with location information,
etc.
A person holding the ’sender’ board was made to walk along a fixed straight-line path for
a maximum distance of 900 ft.(274.32m approx). This sender halts at every 15ft. (4.572m ap-
prox.) for 30 seconds to collect adequate amount of points in the logs of radio transmissions.
The sending rate was fixed at 5Hz for this experiment.
The packet rate is determined as:
No. of packets logged at given distance
No. of packets transmitted in that time frame
At each distance, the median of the obtained RSSI values is chosen as the representative
value. The values are plotted over the distances for all the wireless standards and their
pattern is compared.
Also, at each distance, the median of the observed packet reception rate is chosen as the
representative value. The values are plotted over the distances for all the wireless standards
and their pattern is compared.
For all the wireless standards evaluated in the tests, the bitrate was fixed at 6Mbps and
the transmit power was 23 dBm.
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All these tests were conducted in 4 different locations that are typical of a surface mine:
Case Description
Direct Line of sight Sender moves on a straight line
Receiver remains at the starting point
Hidden line of sight Sender moves on a straight line
Receiver hides behind a mud pile normal to the
starting point
Receiver at the top of incline Receiver stays at the top of an inclined surface
Sender moves down the incline
Receiver at the bottom of incline Receiver stays at the bottom
Sender moves up the inclined surface
Table 4.1: 4 locations where wireless standards evaluation was conducted
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4.4 Results
The data collected in 4 different locations was used to obtain comparative graphs of
median packet reception rates and median RSSI values over 3 different wireless standards.
Direct line of sight
Figure 4.3: Median packet reception rate as a function of sender-receiver distance (direct
line of sight)
From the trend-lines plotted over the medians of packet rates, 802.11b seems to perform
well for larger distances(>170m). At any distance, its performance is well above that of
802.11p. 802.11a too was as good as 802.11b for shorter distances(<170m).
Figure 4.4: RSSI trend as a function of sender-receiver distance (direct line of sight)
The medians of RSSI values observed at each distance for all the three wireless standards
is as above.
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Hidden line of sight
Figure 4.5: Median packet reception rate as a function of sender-receiver distance (hidden
line of sight)
From the trend-lines plotted over the medians of packet rates, it can be seen that 802.11b
clearly performs well for any given distance. Both 802.11a and 802.11p couldn’t do well due
to their shorter wavelengths not able to overcome obstacles when compared to 802.11b
Figure 4.6: RSSI trend as a function of sender-receiver distance (hidden line of sight)
The medians of RSSI values observed at each distance for all the three wireless standards
is as above.
Shashank Sabniveesu Chapter 4. The wireless standards evaluation in surface mines 27
Receiver at the top of incline
Figure 4.7: Median packet reception rate as a function of sender-receiver distance (receiver
at the top of incline)
From the trend-lines plotted over the medians of packet rates, it can be said that 802.11b
clearly performs well for any given distance. The trends in 802.11a are even lower than that
of 802.11p.
Figure 4.8: RSSI trend as a function of sender-receiver distance (receiver at the top of incline)
The medians of RSSI values observed at each distance for all the three wireless standards
is as above.
Shashank Sabniveesu Chapter 4. The wireless standards evaluation in surface mines 28
Receiver at the bottom of incline
Figure 4.9: Median packet reception rate as a function of sender-receiver distance (receiver
at the bottom of incline)
From the above, it is evident that 802.11b is a clear winner for any distance. The trends
in 802.11p and 802.11p are almost the same and are lower than that of 802.11b
Figure 4.10: RSSI trend as a function of sender-receiver distance (receiver at the bottom of
incline)
The medians of RSSI values observed at each distance for all the three wireless standards
is as above.
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In the table below, we list the approximate reception range at which more than 75% of
the packets are received on average for each of the scenarios. We observe that with IEEE
802.11b, even in the worse condition (hidden line of sight), packets can be received at a
distance of 60m (200 feet) from each other, providing adequate reaction time for the drivers.
(At a speed of 32 kmph (20mph), this gives drivers about 9 seconds of reaction time.)
802.11 b 802.11 a 802.11 p
Direct line of sight 152m (500 feet) 152m (500 feet) 98m (320 feet)
Hidden line of sight 60m (200 feet) 12m (40 feet) 12m (40 feet)
Receiver at top 183m (600 feet) 45m (150 feet) 55m (180 feet)
Receiver at bottom 183m (600 feet) 70m (230 feet) 80m (260 feet)
Table 4.2: Average distance at which more than 75% packets are received under different
topological conditions in surface mines for each of the three radios
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Chapter 5
Conclusion and Future work
Conclusions drawn from the experiments conducted in this work are presented here.
Possible extensions of this work are proposed at the end.
5.1 Conclusion
In this work, we described the use of wireless communication technology aimed at ad-
dressing concerns of timely proximity warning and collision avoidance in surface mines. We
first described an IEEE 802.15.4 radio-based system for proximity zoning of tagged objects
at distances of less than 10m. The design and development of low-cost and cost-effective,
easily-configurable and deployable proximity detection system that can be used for improv-
ing safety in regions such as surface mines was explained. This system reports the zone in
which a foreign entity is located with respect to the position of vehicle. Our system is shown
to be able to reliably classify nearby objects into one of 8 zones surrounding a CAT 769
truck. The 802.15.4 radio-based proximity zoning system can thus adequately complement
Wi-Fi-GPS based systems that are better suited for collision avoidance at distances greater
than 10m away from a vehicle.
We then characterized the performance of a family of IEEE 802.11 standards inside an
actual surface coal mine for communicating GPS data to nearby vehicles. We observed that
the IEEE 802.11b standard operating in the 2.4GHz range outperforms 802.11p and 802.11a
standards, in terms of the effective distance at which GPS data can be reliably received.
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The tests were conducted in different topologies - Direct line of sight, Hidden line of sight,
Receiver at the top of incline and Receiver at the bottom of incline. Despite the fact that
802.11p is being touted as the standard for vehicular communication networks, for this case
of quick exchange of short bursts of data for the purposes of proximity detection, the already
popular 802.11b standard performs well with less packet loss for longer distances.
5.2 Future work
The applications of wireless sensor networks open up multiple possibilities in topics such
as safety, etc. in hazardous areas like surface mines with huge moving equipment. This
work examined the applicability of miniature wirelessly transmitting devices as ’proximity
sensors’. The system was demonstrated for one-vehicle and one-approacher situation. More
studies are required before wide-scale deployment to verify and enhance the interaction
among multiple entities moving randomly among multiple vehicles.
The wireless standards quality evaluation tests can be conducted in more areas such as
deep pits and around mud-piles high enough to be approximated as mountains and such. It
would be interesting to check for any multiple receptions due to echoes and how it affects
the quality of transmissions - also known as multipath propagation.
The wireless transmissions test was conducted at default power levels of each of the
standards described by the vendor. The values shown here might change with a change in
power level. We expect the results to vary proportionately but real tests are suggested to
confirm the validity of this claim.
Not much channel contention was present during these tests as they involved just two
vehicles - single transmitter and single receiver. Presence of seven or more vehicles transmit-
ting simultaneously might make the channels busy which might lead to increase in packet loss
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